NtcB of the cyanobacterium Synechococcus elongatus strain PCC 7942 is a LysR family protein that enhances expression of the nitrate assimilation operon (nirA operon) in response to the presence of nitrite, an intermediate of assimilatory nitrate reduction. Inactivation of ntcB in this cyanobacterium specifically abolishes the nitrite responsiveness of nirA operon expression, but under nitrate-replete conditions (wherein negative feedback by intracellularly generated ammonium prevails over the positive effect of nitrite) activity levels of the nitrate assimilation enzymes are marginally higher in the wild-type cells than in the mutant cells, raising the issue of whether the nitrite-promoted regulation has physiological importance. On the other hand, the strains carrying ntcB expressed much higher nitrate assimilation enzyme activities under nitrate-limited growth conditions than under nitrate-replete conditions whereas the ntcB-deficient strains showed levels of the enzyme activities lower than those seen under the nitrate-replete conditions. Although the ntcB mutant maintained a constant cell population in a nitrate-limited chemostat when grown as a single culture, it was diluted at a rate expected for nondividing cells when mixed with the wild-type cells and subjected to nitrate limitation in the chemostat culture system. These results demonstrated that the nitrite-promoted activation of the nitrate assimilation operon is essential for up-regulation of the nitrate assimilation activities under the conditions of nitrate limitation and for competitive utilization of nitrate.
In cyanobacteria, expression of the genes involved in nitrate assimilation, i.e., the nrt genes for the nitrate/nitrite transporter (NRT), narB for nitrate reductase (NR), and nirA for nitrite reductase (NiR), is repressed by the presence of ammonium (3, 4, 15, 17, 20, 21) . Ammonium must be fixed via the glutamine synthetase-glutamate synthase cycle to exert its negative effects on transcription (3, 8, 21) . Derepression of transcription by removal of ammonium from medium (or by inhibition of ammonium assimilation) results in induction of the nitrate assimilation genes, showing no requirements for nitrate or nitrite (3, 4, 8, 21) . This is a part of the global nitrogen control in cyanobacteria, which involves NtcA, a Crp family protein, as the transcriptional activator (7). Tanigawa et al. recently showed by in vitro experiments that 2-oxoglutarate (2-OG), which serves as the acceptor of the newly fixed nitrogen in the glutamine synthetase-glutamate synthase cycle, activates transcription from NtcA-dependent promoters in a concentration-dependent manner (22) . It has also been shown that the intracellular 2-OG concentration is low in the presence of ammonium and is increased by nitrogen deprivation (16) . Taken together, these findings suggest that 2-OG acts as the coinducer of transcription of the NtcA-dependent genes, conferring ammonium sensitivity to their expression in vivo.
Besides the NtcA-dependent induction involving 2-OG as the coinducer, expression of the nitrate assimilation genes is subjected to up-regulation by nitrite, the intermediate of the nitrate assimilation pathway (2, 8, 12) . Studies using Synechococcus elongatus strain PCC 7942 showed that the nitrite-promoted regulation is specific to the nitrate assimilation operon (nirA-nrtABCD-narB [designated nirA operon]) and is mediated by NtcB, a LysR family protein (1) . NtcB requires the activity of NtcA to exert its positive effect on transcription (12) , indicating that it is unable to promote transcription by itself. Since the activity of NtcA in transcriptional activation is downregulated by assimilation of the ammonium generated intracellularly by nitrate reduction (21) , the positive effect of nitrite is marginal in cells supplied with sufficient amounts of nitrate (8) ; the effect of nitrite is hence prominent in cells treated with either L-methionine-DL-sulfoximine (MSX [an inhibitor of glutamine synthetase]) or 6-diazo-5-oxo-L-norleucine (DON [an inhibitor of glutamate synthase]) to prevent ammonium assimilation (2, 8, 12) . In accordance with these observations, an ntcB-deficient S. elongatus mutant (NIC1) which is defective specifically in the nitrite responsiveness of nirA operon transcription (1), showed only a small decrease in the activity levels of the nitrate assimilation enzymes during steady-state growth in nitrate-sufficient medium (19) . These results raise the issue of whether or not the nitrite stimulation of the nitrate assimilation genes is of physiological importance. In the present study, we used NRT-less mutants and chemostat cultures of the cyanobacterium to investigate the physiological role of the nitrite responsiveness under nitrate-limited growth conditions. By examining the effects of inactivation of the trans-acting factor (NtcB) and modification of the cis-acting element, it was shown that the nitrite-responsiveness of nirA operon transcription is essential for high-level expression of the nitrate assimilation enzymes during growth with limiting supply of nitrate and for competitive utilization of nitrate under the nitratelimited conditions.
MATERIALS AND METHODS
Strains and general growth conditions. A derivative of S. elongatus strain PCC 7942, which is cured of the resident small plasmid pUH24 (R2-SPc [9] ; hereafter designated simply as strain PCC 7942), is the parental strain of all of the cyanobacterial strains used in this study. NIC1 is an ntcB-deficient mutant strain (⌬ntcB::kan) previously described (1) . NA3, an NRT-less mutant (⌬nrtABCD) constructed by deleting the nrt genes from the nirA operon (14) , was the genetic background of the PnirA::luxAB reporter strains YKA1, YKA2, and YKA5 (12) (Fig. 1) . NA4 (⌬nrtABCD ⌬ntcB::kan) was obtained from NA3 by inactivating ntcB as described for NIC1. YKA2b was a derivative of NA4 obtained by transferring the same promoter-reporter fusion as that in YKA2 to the chromosome of NA4 (Fig. 1 ). YKA1a was obtained by transferring the same promoterreporter fusion as for YKA1 to the chromosome of the wild-type strain (Fig. 1) . Unless otherwise stated, the cyanobacterial strains were grown photoautotrophically at 30°C under CO 2 -sufficient conditions in batch cultures as described previously (20) . The basal medium used was a nitrogen-free medium obtained by modification of BG11 medium (18) as previously described (20) . Ammoniumcontaining medium was prepared by addition of 3.75 mM (NH 4 ) 2 SO 4 to the basal medium. Nitrate-containing media were prepared by addition of 1, 15, or 60 mM of KNO 3 to the basal medium. All media were buffered with 20 mM HEPES-KOH (pH 8.2). Solid media were prepared by supplementing 1.5% Bactoagar (Difco) to liquid media. When appropriate, kanamycin and spectinomycin were added to the media at 10 and 1 g ml Ϫ1 , respectively. Expression of the nirA operon and the reporter gene fusions was induced by transfer of the ammonium-grown cells to nitrate-containing medium; the ammonium-grown cells were collected by centrifugation at 5,000 ϫ g for 5 min at 25°C, washed twice with the basal medium by resuspension and recentrifugation, and inoculated into the nitrate-containing medium.
Continuous cultivation of cyanobacterial cells. Continuous cultivation of cyanobacterial cells was performed (using flat glass bottles having an internal volume of 2 liters as growth vessels) essentially as described by Lehmann and Wöber (10) . The cyanobacterial cells used as the inoculum were grown in batch cultures with ammonium as the nitrogen source, harvested and washed as described above, and inoculated into 1 liter of fresh medium in a growth vessel. Fresh sterile medium was continuously pumped into the vessel at a flow rate of 30 ml h Ϫ1 , and the effluent was collected in a sterile bottle. The culture was aerated with air supplemented with 2% (vol/vol) CO 2 and illuminated with fluorescent lamps at 200 mol of photons m Ϫ2 s Ϫ1 under general growth conditions that were otherwise the same as those described above. Cell density in the effluent was monitored by measuring the optical density at 730 nm (OD 730 ). When cells of the wild-type strain and the ntcB-deficient mutant (⌬ntcB::kan) were mixed and subjected to continuous cultivation, serial dilutions of the effluent were plated on solid ammonium-containing medium with and without kanamycin to determine the wild-type and the mutant cell population numbers; the total cell population was obtained by counting colonies on the medium containing no kanamycin, and the mutant cell population was obtained by counting colonies on the kanamycin-containing medium. The population of the wild-type cells was obtained by subtracting the mutant cell population from the total cell population.
Measurement of in vivo bioluminescence. For measurement of in vivo luminescence from the Synechococcus cells carrying luxAB transcriptional fusions, 1 ml of cell culture containing 0.001 to 0.5 g of chlorophyll (Chl) was transferred to a test tube and mixed with 20 l of 0.1% n-decanal emulsion. Bioluminescence of the cell suspension was measured with a luminometer (ARGUS-50; Hamamatsu Photonics) immediately after the addition of n-decanal. Intensity of bioluminescence was expressed in counts of photons per hour per microgram of Chl.
Other methods. NR and NiR activities were determined at 30°C using toluenepermeabilized cells with dithionite-reduced methylviologen as the electron donor (5, 6) . The rate of nitrate uptake by the cells was determined at low external nitrate concentrations (Ͻ100 M) by monitoring the decrease in nitrate concentration in medium as previously described (14) and was regarded as the activity of the nitrate transporter (NRT). Nitrate and nitrite levels were determined with a flow-injection analyzer (NOX-1000; Tokyo Chemical Industry Co., Ltd.). Chl levels were determined as described by Mackinney (11) .
RESULTS
Effects of endogenously generated nitrite on expression of PnirA::luxAB fusions in NRT-less strains grown with nitrate. As previously observed, the reporter strain YKA1 (carrying a transcriptional fusion of the nirA operon promoter and luxAB in an NRT-deficient background) showed high-level expression of luxAB when grown with nitrate (60 mM) (12) . The level of luxAB expression in YKA1 was much higher than that in YKA1a, a reporter strain constructed by introduction of the same promoter-reporter fusion into the wild-type cells (Fig. 1) , suggesting that nitrate limitation due to the lack of NRT led to the high-level expression from the nirA operon promoter in YKA1. While the YKA2 strain, which differs from YKA1 in (12, 13) . Since the nucleotide sequence of L1 conforms to the structure of the binding sites for LysR-type proteins, it is likely that L1 constitutes the binding site for NtcB (12) . In accordance with this assumption, the level of luxAB expression in the YKA2b mutant, an ntcB-deficient derivative of YKA2, was similar to that in YKA5 under the nitrate-limited growth conditions (Fig. 1) as well as in the presence of DON (12) .
Effects of ntcB mutation on activity levels of nitrate assimilation enzymes in NRT-less strains. To examine the effects of the nitrite-responsive enhancement of nirA operon transcription on the activity levels of NR and NiR under nitrate-limited conditions, cells of the wild-type strain, the NRT-less mutant NA3, and the ntcB-deficient derivative of NA3 (NA4) were grown in nitrate (60 mM)-containing medium in batch cultures and their NR and NiR activities were compared (Table 1) . While the cultures of the wild-type strain were blue-green, those of NA3 and NA4 looked yellowish green due to reduced level of phycocyanin, indicating that the mutants were under stress of nitrogen deficiency. As expected from the higher levels of PnirA::luxAB expression in the NRT-less YKA1 strain compared to the results seen with the YKA1a strain having active NRT (see above), the NA3 cells expressed higher NR and NiR activities than the wild-type cells. Presumably due to limited supply of the cofactors required for assembly of NR and NiR holoenzymes, however, the differences in the enzyme activities between NA3 and the wild-type strain were (two to three times) smaller than those observed between the luciferase activities of YKA1 and YKA1a (Fig. 1) . The NR and NiR activities in the NA4 mutant were only 35 and 20% of the corresponding activities in NA3, respectively, and were even lower than those in the wild-type, nitrate-replete cells (Table  1) . These results demonstrated the importance of the NtcBdependent, nitrite-responsive enhancement of nirA operon transcription in the high-level expression of NR and NiR activities during growth with a limiting supply of nitrate.
Growth and expression of nitrate assimilation enzymes in nitrate-limited chemostat cultures. Growth of Synechococcus cells on nitrate with a constant stress of nitrogen deficiency was achieved also by means of a chemostat. With constant dilution with fresh nitrate (1 mM)-containing medium at a rate of 0.03 h Ϫ1 , both the wild-type and the mutant cultures reached a steady state within several days after inoculation in which a constant culture density and a low nitrate concentration were maintained (Fig. 2) . The wild-type cells in the chemostat cultures were yellow-green due to a low level of phycocyanin content (Fig. 3) . The mutant cultures were green-tinged yellow (Fig. 3) , showing that the cellular phycocyanin content is lower than the wild-type level. These results indicated that the mutant cells were more severely stressed with nitrogen deficiency than the wild-type cells. The nitrate concentration in medium was 2 to 3 M in the cultures of the NIC1 mutant and Ͻ0.5 M in the cultures of the wild-type cells. These results indicated that the ntcB mutant has a smaller capacity to utilize low levels of nitrate in medium.
When expressed on the Chl basis, the NRT, NR, and NiR activities of the wild-type cells in the nitrate-limited chemostat cultures were 3 to 4, 4 to 5, and 8 to 10 times higher than those of the cells grown under nitrate-replete conditions in batch cultures, respectively ( Table 1 ). The NRT, NR, and NiR activities of the ntcB mutant in the chemostat cultures were much lower than the corresponding wild-type levels (60, 27, and 21% of the latter values, respectively) ( Table 1) . Measurements of the turbidity at 730 nm, however, revealed that Chl-to-turbidity ratios in the chemostat cultures (2.2 and 1.8 g ml
Ϫ1 for the wild-type strain and the mutant, respectively) were much lower than those seen with the wild-type level in batch cultures (6.2 g ml Ϫ1 [OD unit] Ϫ1 ), indicating that cel- lular Chl content in the former cultures had been decreased due to nitrogen stress. Thus, the high activity levels of the nitrate assimilation enzymes in the chemostat-grown wild-type cultures were to be ascribed partly to the low level of Chl content of the cells. Even when expressed on the basis of turbidity, nevertheless, the enzyme activities in the chemostatgrown wild-type cells were higher than the corresponding activities in the nitrate-replete batch cultures ( Table 1 ). The activity levels in the ntcB mutant were, on the other hand, lower than those in the wild-type batch cultures (Table 1) . These results confirmed the results obtained with the NRT-less strains, i.e., that the NtcB-dependent, nitrite-responsive enhancement of nirA operon expression is required for up-regulation of the nitrate assimilation activities in nitrate-limited cells.
Competition between the wild-type and ntcB mutant strains. When equal numbers of the wild-type and the mutant cells were mixed and subjected to growth under nitrate-limited conditions in the continuous-culture system, the cell population of the wild-type strain remained constant whereas that of the mutant decreased exponentially, giving a straight line on a logarithmic scale (Fig. 4A, panel b) . The slope of the line was Ϫ0.302 day Ϫ1 (Fig. 4A, panel b) , Ϫ0.297 day Ϫ1 , and Ϫ0.261 day Ϫ1 in three separate experiments. These figures were close to that expected for dilution of nondividing cells at a dilution rate of 0.03 h Ϫ1 , i.e., Ϫ0.313 day Ϫ1 . The mutant cells were thus virtually unable to grow in the presence of the wild-type cells under the nitrate-limited conditions. When mixed cultures were subjected to continuous cultivation under nitrate-replete conditions, the proportion of the mutant cells in the total cell population was almost constant (Fig. 4B, panel b) . These results demonstrated that the nitrite-responsive, NtcB-dependent enhancement of nirA operon transcription is essential for nitrate assimilation and growth of S. elongatus strain PCC 7942 in competitive environments with a limiting supply of nitrate.
DISCUSSION
Because of the negative effect of assimilation of internally generated ammonium, the positive effect of nitrite on expression of the nirA operon and the nitrate assimilation enzymes is not obvious during growth of S. elongatus strain PCC 7942 in medium containing sufficient amounts of nitrate (1, 8, 19) . Under nitrate-limited conditions, by contrast, the nitrite-responsive enhancement of nirA operon leads to a large increase in the activities of the nitrate assimilation enzymes (Table 1) . Thus, the nitrite stimulation enables allotment of more nitrogen for synthesis of the nitrate assimilation enzymes in nitrogen-deficient cells than in nitrate-replete cells. Since nitrite is produced from nitrate, the regulatory system provides an effective mechanism to express high activities of the nitrate assimilation enzymes when the substrate is present in the medium and is limiting the growth. In the nitrate-limited cells, ammonium production is presumed to be too slow to cause negative feedback but the same cells are producing required amounts of nitrite sufficient for the enhancement of transcription. It is therefore deduced that the positive regulation system has very high sensitivity for nitrite. The molecular mechanism of the nitrite sensing is being investigated. The stimulation by nitrite and NtcB of nitrate assimilation activities is not essential for growth of the cells in a single culture even under nitrate-limited conditions (Fig. 2B) . However, it is essential for competitive utilization of limiting amounts of nitrate (Fig. 4A) . In a previous study, Aichi and Omata also showed that NtcB is required for induction of the nitrate assimilation operon after replenishment of nitrate to nitrogen-starved cultures of S. elongatus strain PCC 7942 (1). Nitrate is the most common form of combined inorganic nitrogen in the largely nitrogen-deficient natural environment. Cyanobacteria having no N 2 -fixing ability are therefore daily exposed to nitrate-limited or nitrate-deficient growth conditions. The nitrite-responsive positive regulation of nirA operon expression would be essential for growth and survival of the cells in the natural environment, although its ecophysiological importance is not obvious in the nitrate-sufficient media commonly used for laboratory cultures.
